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ABSTRACT 

The molecular photoionization (COp, dissociative photoionisation 
(CO**’, o' and C''') and double photoionization (CO^’'' and cross sec- 

O 

tions for COg have boon measured from their onsets down to 90 A by 
using >'aiious combinations of mass spectruiiieters (a coincidence tiino- 
of“fliq!it mass specLromotor and a magnetic mass spectrometer) and light 
sources (syncisrotron radiation, and glow and spark discharge). It is 
concluded that tiie one broad peak and the tiiree shoulders in the total 

o 

absorption cross section curve between 640 and 90 A are caused completely 
by dissociative, ionization processes. Several peaks observed in the 

‘t* H 

cross section curve for the total fragmentation (CO , 0 and C ) arc 
compared with Lhuse in tha photoe'iectron spectrum reported Tor CO^. 

The accui'acy of the present cross sections is estimated to be about 
10, 1.5 and 50fi for o(C02)j ct(C0 , U and C ) and o(C02 and C*”’), 
respectively. 
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I. lii'tnulin'iicjn 


Since' ilia first study of dissociative photoioni Jfation of gases at 

u 

wavGli'iiu! ds sluirter tliau 1000 A some Iv/enty years ago (1) numerous 
grou[is li.ive reported data over llie wavelength raneje betwean 30*1 and 

ii 

1000 A (2“7). These studies utilised mass spec trome levs to identify 
the ionic fragments produced. With Hit; crvCuption of tl.e data reported 
by fryar and Browning (!5) virtually all of the previously reported data 
su'fer froiii uuderestiiaatiiitj tlie inimber of fragiiient ions [u'oduced because 
they are released liith considerviblo kineiic eiiLM-gy relative to the 
paront ions, [lost mass s[iccti canelcrs. discriminate against anergetic 
ions, ihus, the ionic abundances guoted in tlie literatmc vary depending 
on the 1i}?e of ntiss spectroiiieLcr used ami on the conditions of the 
e):peri!i:onts. In fact, wlien the ion fragmonis Irive energies in the D oV 


rariye tho litei'dlurc values can vary by an ortler of nngnitude oi’ mare. 

It is iinporlaut to know the partial cross snctioii;. for tlie produc- 
tion of tile various rraginnnt ions to improve our understanding of the 
ii!u1eu(‘i.ir phoLoinniealiun prucoss. Tne liata art; also extremely valuable 
to our umltrslmiiling of ion production in planetary and coiiietary 
atmos|)her«'r. . 


Ill the present work wo report dissocivatlve photo ionization cross 
sections and brandring ratios of ioivic fragments produced from CO,, from 

P 

their thresliolds down to liO A. liie fi\’j“.ients observed for single ioniza- 
tion pi’ocesses wcie Col, CO*, U , and C*. Tlie doubly ionized fragmeiiLs 
observed \im\i (‘0^' .ind C'^ ’ . (Vi .scri minatory effects liave been mi ;vi mi zed 
by the use of a siiecially designed l.ime-of- (1 iglit mass spectromeic-r. 
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lltt' Uhl iiuitiHl lUMiiMcy io>* the briuichin'i rdHos for tlio sintfly Ionized 
fratimeiits i/d*; ' ID io lb: and for the doubly 1oriizi;d fragments about 
bO . 

?, I Ki'eriimMiia! 

A tiiue-of • 1 1 iijht vuui «i convent. ioiial magnetic sector mass .spoctroiaeter 
were used to study tfie if ir. iirodtieed by dissociative plioLuionlzation. 

The ioiiiciinj radiation scun'ces used were (a) a dc glow discharge in 

u t* 

helium to prodiiee the llel bbl A and Hell 30^ A lines, (b) a liigh voltage 
cuiklenscd spaii disclkn'ge in nr to |n*Lkiuce numerous discrete emission 
lines between lOU aiul ".OOd A (B), and (c) synchrotron radiation from 
the stma'jt' ring at. the I’liysieal Sciencers LabnrtitiU’y of the UnivcM'Si ty 
of Uiscensin, Tht' synclirelt'oii radiation available covei'cd the specii'al 
v\U5‘ie from HO to 300 A. In all ineasureiiieiils giMZing incidence 
monochromators were used to disperse the radiation. 

H.,1. Tiim'-of i light mass spi'clromcter 

The tim-'-of-fligiiL (101 ) mass spretrometer was S|)Gcially consiructeil 
to iisiniiiiiae dtscriiiiiiiatory elfects and was opeiMtc'd in a coincideiiCG 
mode. A srhemaiie dravinij oi the coincitlenee TOf mass spectrometer 
is shown in !ig. 1. Tlie pikiton boam, emerging fi'oiii the exit slit of 
the monoeln'oma tor, had a I’eetangular cross section of atgn'oximatGly 
3 mm X 7 inm in the ienixaiion chamher of the mass spectroinetei'. The 
ioniration chamber consisted of two parallel plates, Zb mm apart and 
witli circular openings (l:’,b mm in diameter) covered with highly ti'ans- 
pav'eiit wire K'ith a vol tage applied to the plates a tmi form 

elertn'c field, typically of the order of IGOO v/cm, wa*^ produced 


<1 


periH'iidiLulai' to llu? ins,o:innci photon Iumui. Tlio pusitlvo ions and eloc- 
tron**. iirodm c'd I rum tho phot o ionisation of neutral moU'culeK were 
act f'lerateti in opposite tllvvrtlons by the hipli electric field, Tlie 
elertronn* afti*r acceleration, '-.'ere detected liy an lO-stape Venetian 
blind electve.i uultiplier operated in tlie cmintinii mode. The electron 
pulses were fed ihroiujh a fast prcamnlif ic'r and an amplifiei’-discriminnlor 
and the resullintj pulses used stai’t pulses for a tinic-to-ampl itude 
converter (TAC). The ions were? aecelurated in the opposite direction 
and, after passing ihrmiyh a di‘ift tube about 200 iisu long which was kei»t 
at the same polential as the acceleratiiui plate, were detected by a chevron 
chamu‘1 electron multiplier array, the front fa^e of wliicii was held at 

a putenlial of -41<00 V. The ion pulses after pi-opi'r aiitplifi cation were 

» 

used a?i stop i»u1.ses for the TAC. The cuincidence pulses obtained from 
the TAC wei*e fc‘d In a imil Hchanna‘1 analy/er operated in Iht' pulse lieiylii 
analysis mode and a mass ‘*]HH‘trum was obtained for parent and fiviymenta- 
tion ions. A typical mass spectrum obtained is rdmwn in rig. 2 for CO., 

c 

ioi!i,.ed by 304 A i\utiation. necause the iiieasurciijents were triyyei'od by 
phuloeleclrons ejected iresii ihe molt'cules, the background er random 
coincidences were quite low. ilowever, care had to be taken to conim.clc 
the photon bovim to prevent it from stinking any metal parts in the 
vicinity of the circular apertures as these photoelcctrons could provide 
false counts. 

The ratios of the fragiinents to tiie parent ions wc’re obtained by 
measLiriiui the 1nlegt\nted area under the various peaks corresponding to 
different fragments. The data acquisition time for CO^ ot 304 A wa'i 
kept at about 4f>00 sec. to ensure a statistieal aeeuraey of about ' 3b 
for the smallest peak (CO!, ) in tlie mass spectrum. 
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liit> citeHiKM’cially aVdilablo from Matlu-sun, was used 

wiliu'Ut lui'thc!' |)uri t icatten, llie saniplo <ias pressufi' \k\s typically 
b X lU ^ atid l.b X 10 ior»‘ insivlc tlu' ioiii.Mtioii roiiinn, 

wluTc > . Uh> haclaa uuad luvhsucc was / x 10**^ ti»n\ Itu* hadajriHiiid 
|uv:au«r5* iMciea'.rt! la l.b x lU Uu'r wlu't> la'liura ims iniinuluccd into 
till' liqht smiivo. da apinvc1al>la dumpa in Iha f)\ui«aiitation ratio 
could lio raumi as: a fimction of ptvssurt\ 


nisei iiaiiiatarv orfeeU of Ilia t imc-of- fl ipiit mans spoctromajar 
Staifdaivi isurs specl romelv*rs show di '.criminal ion in tl:a‘ detoclion 
etficianey for Various ions. Serna of tiie discriininaiory affects 


arisiiiij rrai.i raasea am! charija depandant factors in a tima-uf-fliylil 
liiis'i spfs'iraiiialar have tsaan discussed previOi'j.ly (9» 10). The mast 
Si'rious. diseriii!ina!ory affeci is that caimad by the initial kinallc 
onarijy of tha piiotiuHssociatad fragmants, causimj spatial spread of 
the ion ss .aa, and hi iiee fractioiuil losses of hiyiier anaryy fraywants. 
Thu kinetic anaryias of ion fraomants formed in CO, and 
have bei'ti repvHtud by faxiner and Samson (11-13). Tha maKiisuni fsvg- 
menl onaryiei. axlund from about 5 oV for i\'i, 0.», and CO to 12 eV foi‘ 

c. c 

lip at 30i A, rurtiian;ure, the anyiilar disti'ihution of the oncryalic 
ions can eamu? a non-uni form simoadiny of the ion haain. 


The diaractaristics ot the TOf instinimant were investiyatad by 

t' 

studyiny the dissoda.tive photoioni-iation of 0^ by use of the 5C-1 A 
lino. Ilia spectrum shown in tiy, 3 is centerad on mass 16 and 
clearly shows the situation in winch tha central peak arises from tiie o'* 
thermal ions, the right hand peak from the O’*" ions with initial velocity 


G 


vectors directed away from the detector (the kinetic energy peaks at 
about 1 eV (13)» and tlis left hand peak from the O’*^ ions with the 
velocity vectors directed towards the detector. Those results were 
obtained wlien the TOF mass spectromoter was operated \/ith a low accel- 
cratimj potential in the ionisation chamber and v/iih a uniform accelera- 
tion duririy the flight path (this was provided by ?A parallel ion- 
accolorating plates each with an aperture of about 12 imi in diameter). 

This is similar to iiie arrangement used by Harvey et al- (14), The 
lower diagram in Fig. 3 shows the effect of increasing the accelerating 
potential in the ion chamber only. This arrangement of the electrodes 
in the TOF mass spectrometer clearly illustrates that most of the ions 
with a lateral velocity, with respect to the instrument axis, were lost. 
Thus, we I'emovcd the apertures, used q higli field in the ion chamber 
and instnlled a lanj'^ diameter detortnr, as shown in Fig, 1. Assuming 
the drift I’egion of the TOf instrument i^as field free then ions with 
lateral kinetic energies up to about 20 eV should still strike the 
detector. The actual arrangement produces acceleration and some 
focusing near the detector allowiiu) ions of greater lateral energies 
to be collected. 

Another problem that can cause discriminatory effects in a mass 
spectrum is that associated witli the variation in secondary electron 
emission from the first dynodo of an elextron multiplier caused by ions 
of different masses, charges, energies, and chemical structure (15-19). 

If the secondary electron emission is greater than 1 electron per incident 
ion then there should be less discrimination between ions when the 
detector is used in the counting mode. No data exist for the secondary 
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electron aiubcion coi rtir lent;; fur a CCMA. However* the various publica- 
tions deul imj witi'i tlie detection efficiencies of chaimoHrons in the 


counting iiioJe inJIcdle that a plateau in the relative counting efficiency 
is reacluHl fur most ions with enei'tjies in excess of 4 kV (13,19). 


Further* the plateaus of the atomic and molecular ions studied have a 
maxinuwi vai iation of about 10 to 'lO'i. lit appears to deviate the most 
and produtf'S the largest efficiency. Both Burrous et aj . (Iv3) and 


Fields pt i.l . (19) sliow that their deteclot* sensitivities are about IBf. 
greater' for 1!^ than 

.f 6 

Figure 4 shows the fragmentation ratio 0 /Og measured at 304 A as a 
function of kinetic energy of ions impinging on the chevron CCf''A. The 


kinetic eiTn'gy of the ions was varied by clungituj the applied voltage (V^) 
to the arxcl* rat ion electrode on the electron mvl tipi ter side, while the 
patcntiul (Vg) of the accclci utluii electrode uti the ion side was kei>L 


•I- 


constdiit. The ratio 0 /O^ v/as found to be constant witln'n experimental 
error foi* icnis with incident energy of more than about 4,0 kcV. This is 


a necessary althouyli noL a sufricient condiiion to produce a true ratio. 

The ratio 0 /0« at 304 A was measured as a function of tiie diameter 

ti 

of the ion uatector by use of a variable diaphragm near the front face 

•I' H* 

of tlie ion detector. The ratio 0 /Og iiicrensed with increasing diameter 

of the diaphragm hut reached a saturation value as expected. The result 

shov/n in Fig. 5 clearly indicates the absence of any discriminatory 

effects caused by tlie spatial spread of tlie ion beams for tlie deteator 

0 

diameter larger than about 23 and 20 mni for 304 and 534 A, respectively. 

Thus, in the present design of the TOF mass spectrometer discriminatory 
effects liavc been minimized by providing an appropriate high field in 


8 


the Ionization rctjion, using a large diameter chevron CEMA (40 mm In 
diameter), operating in the counting mode, and by keeping the electron 
muHipHcr as clone to the acceleration electrode as possible to mini- 
mize any loss of electrons caused by their initial angular distribution 
and energy. 

2*3. Ha g ne t i c s ecto r^ in a s s spectrometer 

This instrument was a 180® magnetic sector mass analyzer based on 
the design of Poschenrieder and Warneck (20). Like all instruments of 
this type (narrow entrance and exit sHts) it discriminates strongly 
against ions formed initially with some kinetic energy. However, because 
of its extremely efficient ion collection optics it could readily be 
used in the analog mode with conventional pi co -ammeters . This allowed 
use of the intense spark source with its large spectral range. The spark 
source emits microsecond pulses and, therefore, is not readily adapted 
to digital counting methods, but is ideal for analog measurements. 

To avoid the major problem of ion discriiiiinntion no ratios of dif- 
ferent ions were measured. Instead, the ratio of the relative intensity 
of a single ion (e.g. 0 ) to the intensity of the ionizing radiation was 
measured as a function of wavelength. With the low pressures used in 
the ion cliamber this ratio of ions/photon is directly proportional to 
the photoionization cross section for this process. These relative cross 
sections were then placed on an absolute uasis by normalizing them 

O 

to the data obtained at 584 A with the TOF mass spectrometer. The 
intensity of the incident radiation ms measured with a calibrated 
electron multiplier. 


This nifiilKHi can bo expected to give good eetuiUs when tie kinetic 
energy of the ion*-, remain constant as a function of wavclerujili or when 
the ien energies are very low as fmiuently encounierid near the lowest 
tlireshold tor disMM iat ive phutoioni^iiUon. As the photon energy increar. 
more energetic lens appear Unis distriiiiiiialion is likely to appear in 
these cross section at the liiylicr pliolfin energies, examples of these 
effects are shown in the next section, 

The data were vit)tained using Ihreo basic modes of operation, namely, 

1. TOF mass sped rohu ter with dc glow discharge source 
{m and 30t A). 

2. TOF mass s!>ectromeler witli synclirotron rndiatic'ii source 
(90 - 300 A). 

3. Magnet ie mass spectrometer with spark discharge source 
(UK) - diU a). 

In all cases the gas pressure was kepi constant by use of an MKS 
Baration pressure coiitv'oll tc. 
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A lscus f'jciii 

The analysis of the data can be penfomed in two separate ways in 
order to obtain cross section data as a function of wavelength. 

Jl£tiq^^^^ In this case, a mass spectrum is accumulated 

at a given wavelength, then a branching ratio con be obtained for a 
specific ion by taking the ratio of the number of ions collected for that 
species to the total number of ions produced. IJlien this branching ratio 
is multiplied by the total pliotoioni?ation cross section the result is the 
partial photoionization cross section for producing that particular ion. 
This method will provide accurate partial cross sections provided there 
are no ions lost or discriminated against because of varying ion kinetic 
energies. 

Iot is/ri)fj i.in Method. Merc the wavelength, is scanned for a fixed mass. 
The intensity of tlie radicition is morrl lured siimil laiicCfUsly ivilli the 1()ii 
intensity. At the low gas pressures us^d, the ratio of ions per incident 
photon is proportional to the partial photoionizalion cross section. As 
mentioned previously these relaLive cross sections can be put on an abso- 
lute. basis by normalization at some known point. 

The data obtained with the TOP mass spectrometer are assumed to be 
free from any serious discrimination effects, Thus, the first method, 
using the branching ratio nieasurcments, was used with this instrument to 
determine absolute partial cross sections. The wavelength range covered 

o o 

was from 90 to 308 A, using synchrotron radiation, and 584 to 304 A radia- 
tion from a glow discharge in helium. The branching ratios are tabulated 
in Table 1 and the resulting partial cross sections are shown in 
Figs. 6-11 (data points arc closed circles). 


n 


To compU'to tho nwvirAl covorarji* iroin the dih‘,ocifltive lonUation 

C? O 

thi‘i‘&hold A) to 19J A the spark light source t/as used witli the 
mafjiictic s|H’Ctro!neter to iiicdsure ions/phaton. Thus, relative partial 


crt5i,t. section*; v.vre Dhtained. These were norma1i:,fGd to the TOF absolute 


data at 5*14 A, and uhere necessary, for example C** in Fig. 9, the Hell 
304 A line was used, This method is accurate only vdien the kinetic 
energy of the ion fragment remains constant (or is small) as a function 
of vfavelenytiu Provided tlio fragment ion is produced from a given state 
its kinetic energy is centered on a fixed value witlj a narrow energy 
Sfn’i ad given by the vddth of the Franck-Condon region, regardless of 
the energy of the photon. Hoi/ever, when the same fragment ion is pro- 
duced from a different staf :ts energy is usually quite different, 
ilius, causing discriminations . The kinetic energy is usually greater 
for greater photon energies (1'‘13). This effect is illustratt'd in 


Figs. 7 and 8 for CO*** and O'*’, respectively, wliere the data overlap 


tliose o[»tainud from the TOF mass spectrometer. Although tho data were 
iiuimaliaed at 584 A to the TOF data thny show severe discrimination foi- 


wavelengths shorter than 30U A. Data obtained with this method arc tabu- 


lated in Table II, l!ov;evcr, the cross sections for a specific ion wore 


measi:red indcpendoiitly and the sum of the branching ratios for all of 
the inns in Table II docs not equal unity. 


In the case of cnj' the ions are formed with thermal kinetic energies 


independont of wavelength, Thus, the above problem of discrimination is 


absent and accurate partial cross sections for the production of CO^' 
are obtained. As can be sot'n from Fig, G when the spark data are 


normalized at 5B4 A to the TOI- data they are also in excellent aoreemont 


w 


with tlu' lOr data Ik low 300 A, It should be noted from Table I that 

Ox ® 

of tho Ions prw hjcod at bB4 A are COj, Ions, whereas, at 304 A only 
63 1 f the ions have not dlssotiatcd. The good agreement between the 
two sets of Independent rncasuremonts implies that discrimination effects 
in the TOr measurements caused by the detector's unknown efficiency 
to ions of different mass are not serious, Thu scatter in the open 

e 

circle data points, betv/cun 300 and 400 A, is caused by the overlap of 
second order spectra that coincide with the blazed region of the 
diffraction grating. 

H- 

The COg cross sections decrease monotonically as a function of 
photon energy with no obvious structure. This is to be compared with 
the total photoionization cross section (21), also shown in Fig, 6, 
y/!i!th rovutils four major structures labeled A, B, C, and D (not to be 
confused with tliu spectrcscopic notation). Thus, the origin of these 
structures must be dii-soclativc ionization. In fact, by subtracting 

•f* 

the partial cross section data for CO^ from the total cross section 
we obtain tlu* total cross suction for fragmentation. These results 
are shov.’n in Fig. 10‘. 

Eland (22) has reported that the excited ion C0p(C ^)l') predis-* 

^ y 

**^2 ^'^2 

sociates completely to fragment ions, whereas the X llg» A '11^ and 
B states do not predissociate. Consequontly the data obtained by 
photoelectron spectroscopy, which include the branching ratios for 
those statfis, are compared with the present results In Fig. 6, assuming 

IV >V -v 

that the X, A, and B states contribute only to CO 2 ions, In the com- 
parison, the same total absorption cross section shown in Fig. 6 was 
taken to avoid any ambiguUy arising from tlie use of different cross 
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&r*ct]onn In tl»‘ IttoraturG. Thore is fjood ngrewfint between tho |>resent 

results iind those reported by llrion and Tan (33), and by Samson and 

Gardner (M) above 500 A. Huw-ver, at shorter wavelengths the plmto- 

electron spectmsfopy data tend to be higher. This could he caused by 

underestimating the contribution of the C state and other highlying 

dissociative states. Gustafsvon ci al , (?6) have also reported the 

branchino ratios for the X, A, B, and C state of COj. Their results 

0 

are in good agreement between C30 and 500 A, v/hereas they arc 31 and 
46‘* high compared with the present results at 400 and 310 A, 


respectively. 


The only photoionizatloivmass spectroscopy data reported at wave- 
length* shorter than COO A arc those of Wnisslcr et al . (1) and 
Kronebusch and Berkowltz (4). Both sets of data show discr1i.),...atory 
effects couced by varying icn kinetic energies, Only tho data of 

ref, 4 arc reproduced in h'q. G. Good agreement is found down to 
0 

about 4C'0 A, However, as otlier dissociative channels open up producing 
ions with greater kinetic energies the branching ratios for the COg 
ion became, too high because of the increased loss of the more energetic 


The threshold for production of the fragments 0**^, CO’**, and is 
at 19,07, 19.47 and 22.69 oV, respectively, fland (2?) has reported 
that at 5B4 A the 0 Ion- results from prodissociation of the vibra- 
tionless {0,0,0} level of tho c" state, while the C0‘‘" ion results 
from predissociation of the higlier vibrational levels of the same 
state. 
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Thc; cross sections a(CO^), cr(O^), and ar® shown in Figs, 7, 
8 and 9, respectively, along with those of Kronebusch and Berkowitz, 
in which good agreement is seen down to 400 A for CO"^ and O’*”, At 
snorter wavelengths, their results and our open circle data points 
are obviously affected by the discriminatory effect caused by the 
initial kinetic energies of CO"** and o’*’. For C’*', their data appear to 
be discriminated against at all wavelengths. 

The structure in all the fragmentation curves can be correlated 
with the multielectron transitions observed in the photoelectron 
spectra reported by Brion and Tan (23), including the complete disso- 
ciation of the C state. This is more obvious when their results 
are compared with the total fragmentation cross- section in Fig. 10. 
These cross sections were obtained by two methods, The first method 
consisted simply of subtracting the CO^ cross section from the total 
cross section (dashed line in Fig. 10). The second method was to add 
up the cross sections for all fragments after smoothing the data, 
from Table I (solid circle data points) and Table II (open circle 
data points). The subtraction method provides the most meaningful 
and accurate technique to obtain the total fragmentation cross sec- 
tions over the region where discrimination occurs. However, it is 
interesting to note the good agreement near the dissociative-ioniza- 
tion threshold between the two methods. This implies that the data 
obtained with the magnetic mass spectrometer has little discrimina- 

O 

tion between about 475 A and threshold. Agreement occurs as expected, 
with the TCP mass spectrometer data. The photoelectron data of Brion 
and Tan, as discussed above, show identical structure in the 
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fragfftentation curve, leading to the conclusion that the »uH1e1ectron 

transitions and the C peaks, seen In the photoelectron spectra, 

represent dissociative ionization states. The origin of the discrepancy 

0 

in the absolute amount of fragmentation in the region 200 to 500 A 
between their data and the present data (dashed line) is not clear. 
However, the possibility of underestimating the number of continuum 
electrons and the contribution of the unresolved C-state must be 
considered. Underestimation of the number of continuum electrons is 
a possibility in the data of Samson and Gardner (2-1) shown in Fig, 10 
(square box data). 

The double photoionization cross sections, 0 ( 002 '’), and the dis- 
sociative double ionization cross sections, o(C^''"), are shown in 
Fig. n(a) and (b), respectively. The corresponding branching ratios 
are tabulated in Table I. The cross section 0 ( 0 ^’**) is the first 
measurement of dissociative double ionization of COg taken in the 
region of vacuum ultraviolet. The ratio of C^''’ to all ions produced 
from CO^ is only 0,1 - 0.42? in the region observed, which is similar 
to the value of 0 . 2 % obtained with soft X-rays at 44 A (26). The 
absolute magnitude of the cross sections shown in Fig. 11 is considered 
to be accurate only within about ± 5025 because of the unknown effi- 
ciency of the detector for doubly charged ions. Recently, Tsai and 
Eland (27) reported the branching ratio of COg*’ at 304 A as 0,662., 
which is in good agreement with the present results of 0.725 interpolated 
from the data in Table I. The present data also show that the 
branching ratio values increase with incident photon energy and roach 
a plateau value of 2.625 at 200 A. This behaviour of the branching 
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ratio is similar to that reportod by Samson et aj[. (I?8). However, their 
plateau value is only about 30% of the present value. If some of the 
COg ions have life times shorter than the flight times in the mass 
spectrometer, losses could be expected, In the previous experiment 
the flight times were of the order of 5 to 10 ps, whereas, in the 
present measurements the flight time was about 2 ps (see Fig. 2). 

There have been two values reported in the literature for the lifetime 

p.|. 

of COg , namely, 2,3 iis and 21.6 ]is by electron impact (29) and photon 
impact (27) methods, respectively. Thus, the present results could be 
expected to observe more doubly charged ions than observed by ref. 28. 

It is also possible that some CO^ ions have extremely short life 
times and essentially dissociate immediately pi'oducing the following 
fragments , 

COg"*’ — ^ CO'^* H- o'*’ 

C'*' o'*’ + 0 

* 1 . 

0 + 0 c 

The minimum thresholds for each of these processes are 33,1, 41,5, and 
43.8 eV, respectively. Each of the fragments CO , C , and 0 shown in 
Figs. 7-9 show structure in these cross sections between 40 and 60 eV. 

Lee c_t aj . (30) have observed undisporsed vacuum ultraviolet 
fluorescence irom CO^, excited by synchrotron radiation in the wavelength 

O 

region 175 - 800 A. In particular, they observe a broad band of 

0 

fluorescence between 175 and 530 A that bears a striking resemblance 
to the shape of the total fragmentatiun curve (Fig, 10). The absolute 
fluorescence cross sections are about 5 - lOf^ of the total fragmentation 
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cross siction. It appears certain that the fluorescence originates 
from excited fragments produced by dissociative photoionization. 
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TABLC I. BiMndilng ratios for dissociative and double pliotoionization 
of CO^ obtained tjy TOF mass spectronietor . 


Wave- 

i • • * ‘ *' *. *.' 

r * * . 1 . * . 

-V . * * - s 

» »■ ». i. % , 



length 

coj 


o'‘ 


cof 


{A) 

00“'’ 

c" 

c2+ 

89.6 

0.28 

0.12 

0.37 

0.21 

0.027 

0.0036 

99.5 

0.29 

0.12 

0.36 

0.21 

0,026 

0.0024 

109.4 

0.30 

0.12 

0.35 

0.20 

0.027 

0.0024 

119.3 

0.32 

0.12 

0.35 

0.18 

0.027 

0.0018 

129.2 

0.34 

0.13 

0.34 

0.18 

0.026 

0.0018 

139.2 

0.36 

0.12 

0.32 

0.17 

0.028 

0.0010 

1^9.2 

0.37 

0.13 

0.31 

0.16 

0.025 

0.0012 

159.0 

0.39 

0.13 

0.30 

0.16 

0.026 

o.oon 

168.9 

0.41 

0.13 

0.28 

0.15 

0.026 


178.8 

0.43 

0.14 

0.27 

0.14 

0.025 


188.7 

0.44 

0.14 

0.27 

0.14 

0.027 


198. G 

0.44 

0.14 

0.2vS 

0.14 

0.026 


208.5 

0.44 

0.14 

0.26 

0.14 

0.025 


218.4 

0.45 

0.14 

0.25 

0.13 

0.024 


228.4 

0.4S 

0.14 

0.24 

0.12 

0.023 


238.3 

0.51 

0.14 

0.22 

0.11 

0.019 


248.2 

0.55 

0.13 

0.20 

0.10 

0.018 


258.0 

0.60 

0.12 

0.18 

0.091 

0.016 


268.0 

0.63 

0.11 

0.17 

0.082 

0.013 


277.9 

0.64 

o.n 

0.16 

0.078 

0.012 


287.8 

0.64 

o.n 

0.16 

0.081 

0.010 


297.7 

0.63 

0.11 

0.17 

0.086 

0.0091 


304® 

0.63 

0.096 

0.17 

0.10 

0.012 


307.6 

0.62 

0.11 

0.18 

0.092 

O.OOGO 


584® 

0.94 

0.019 

0.045 





‘Hloasurod with a glow discharge 






TABLE II (cont.) 


Wavelength 

(A) 

coj 

CO’*’ 

o'*' 

-165.4 

.81 

.092 

.085 

471 .5 

.86 

.088 

.085 

475.3 

.76 

,071 

.074 

479.4 

.77 

.069 

.073 

486.6 

.87 

.071 

.075 

491 .7 

.87 

.059 

.074 

^95.9 

.92 

.057 

.071 

500.2 

.83 

.047 

.067 

508.5 

.88 

.040 

.067 

514.0 

.88 

.047 

.065 

519,4 

.89 

.034 . 

.065 

522^ 

.92 

• 


526.5 

.96 

.031 

.061 

537"^ 

.89 



538.5 

.99 

.028 

.059 

544.7 

.87 

.025 

.055 

548.9 

.90 

.024 

.049 

551 .4 

.92 

.025 

.048 

■555.5 

.93 

.024 

,053 

558.5 

.99 

.030 

.050 

564.4 

.94 

.035 

.051 

571 .0 

.96 

.029 

.042 

584® 

.94 



585.8 

.95 

.015 

.041 

594.1 

.93 

.018 

.043 

596.7 

.88 

.011 

.041 

609.9 

.97 

.003 

,042 

619.1 

.97 

.014 

.038 

630.3 

.94 

.004 

.033 

634.3 

1 .02 

.003 

.035 

637.3 

.98 


.033 

641 .5 

.95 


.007 

^Measured with n glow dischango 
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FIGURE CAPTIONS 


Fig. 1 


Fig. 2. 


Fig. 3. 


Fig. 4. 


A schematic diagram of the coincidence tiie-of-fl ight mass 
spectrometer. The width of the light beam was about 3 nw. 

The separation of the ion plates was 25 mm and the ion and 
electron extraction holes had a diameter of 12,5 nwi. 

A; experimental condition used with a glow discharge. 

B: experimental condition used with synchrotron radiation. 

A typical time-of-fl ight mass spectrum obtained for COg at 

® • 4 . 

304 A in which all possible fragments except Og are 
observed, including COg , 

Time-of-fl ight mass spectra of Og obtained at 584 A, which 
show the kinetic energy distribution of 0^. a) the field 
strength in the ionization chamber was 11,8 V/cm. 
b) the field strength was 52.8 V/cm, These spectra were 
obtained with a narrow flight tube that discriminated 
against energetic ions, A time scale is shown in the 
figure to* identify the width of arrival time. The central 
peak is arbitrarily centered on 0.5 ys. 

The fragmentation ratio 0 /Og measured at 304 A as a function 
of kinetic enorgy of ions impinging on the chevron CEMA. 

The ratio O^Og is proportional to n(o’*')P(0^ )/n(02)P(0p . 
where n(O^) and n(0g) are the detection efficiencies of the 
chevron CEMA for 0^ and Og, respectively, and P(0*^) and P(0g) 
are the loss probabilities of 0^ and Og, respectively, in the 
drift tube. As P(0^)/P(0^ is constant over a certain range 
of the dectector diameter as shown in Fig. 5, it is obvious 
that n(0 )/n(0g) is also constant. 


Ng. S. 


Fig. 6, 


Fig. 7. 


Fig. 8. 


Fig. 9. 


0 


Variations of th® frigiientation ratio O^/Og at S84 and 
0 

304 A as a function of th® ion detector diaieter, 

Partial photcionization cross sections for GOg as a 
function of wavelength. present results from Table 1} 
0 , present results from Table II*, A, Kronebusch and 
Berkowitz (ref. 4)i p , Samson and Gardner (ref. 24) j 
i Brion and Tan (ref. 23); * , total ebsorption cross 
sections (ref, 21), The bars show the reproducibility of 
the results obtained from three experimental runs. 

Partial dissociative photoionization cross sections for 
CO as a function of wavelength, O, present results 
from Table II; present results from Table I; 

A, Kronebusch and Berkowitz (ref. 4). The vertical 
arrow indicates the thermccliemical onset for CO**^. 

Partial dissociative photoionization cross sections for 

Hh 

0 as a function of wavelength. 0 , present results from 
Table II; present results from Table I; A, Kronebusch 
and Berkowitz (ref. 4). The vertical arrow indicates 
the thermochemical onset for O’*". 

Partial dissociative photoionization cross sections for 
C as a function of wavelength. 0, present results 
from Table II; present results from Table I; 

A, Kronebusch and Berkowitz (ref. 4). The vertical 
arrow indicates the thermochemical onset for the process 
'I- 20, while the onset for + Og is at 544 A. The 
latter is not likely for the symmetric triatomic molecule. 


Fi 0 . 10. Cfoss sections for the total frapentatlon as a function 
of wvtlength, 0, present results fro« Table II* (see 
the text)j ®, present results frow Table X| — — i 
present results (subtraction method , see the text ) \ 
it Kronebusch and Berkowitz (ref. 4);)^, Brion and Tan 
(ref. 23). 

Fig. 11. a. Double photoicnizatlon cross sections for COg and 
b, dissociative double Ionization cross sections for 

OtL 

C as a function of wavelength, present results from 

Table I. The error bars show the counting statistics. 

2 + 

The vertical arrow Indicates the onset for COg reported 
by Dorman and ftorrison (ref, 31) anu the thermochemical 

. p-i- 

onset for C . 
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